Allelopathy is mediated by plant-derived secondary metabolites (allelochemicals) which are released by donor plants and affect the growth and development of receptor plants. The plant root is the first organ which senses soil allelochemicals this results in the production of a shorter primary root. However, the mechanisms underlying this process remain elusive. Here, we report that a model allelochemical benzoic acid (BA) inhibited primary root elongation of Arabidopsis seedlings by reducing the sizes of both the meristem and elongation zones, and that auxin signaling affected this process. An increase in auxin level in the root tips was associated with increased expression of auxin biosynthesis genes and auxin polar transporter AUX1 and PIN2 genes under BA stress. Mutant analyses demonstrated that AUX1 and PIN2 rather than PIN1 were required for the inhibition of primary root elongation during BA exposure. Furthermore, BA stimulated ethylene evolution, whereas blocking BA-induced ethylene signaling with an ethylene biosynthesis inhibitor (Co 2+ ), an ethylene perception antagonist (1-methylcyclopropene) or ethylene signaling mutant lines etr1-3 and ein3eil1 compromised BA-mediated inhibition of root elongation and up-regulation of auxin biosynthesis-related genes together with AUX1 and PIN2, indicating that ethylene signal was involved in auxin-mediated inhibition of primary root elongation during BA stress. Further analysis revealed that the BA-induced reactive oxygen species (ROS) burst contributed to BA-mediated root growth inhibition without affecting auxin and ethylene signals. Taken together, our results reveal that the allelochemical BA inhibits root elongation by increasing auxin accumulation via stimulation of auxin biosynthesis and AUX1/PIN2-mediated auxin transport via stimulation of ethylene production and an auxin/ethyleneindependent ROS burst.
Introduction
Owing to their sessile nature, plants have evolved many sophisticated strategies to compete for limited space, light, water and nutrients. Strategies such as morphological and physiological modifications (e.g. maximizing growth rate and optimizing enzyme activity) allow the plants to utilize their full potential for resource competition (Weir et al. 2004 , Steenackers et al. 2016 . In addition, plants release a set of secondary metabolites (named allelochemicals) into the rhizosphere to affect the growth and reproductive systems of neighboring plants negatively, representing a form of chemical warfare in plant-plant interactions (Bais et al. 2003 , Steenackers et al. 2016 ). This phenomenon is known as allelopathy. Allelopathic interaction is prevalent in agricultural and natural ecosystems, where it creates a series of ecological and economic problems, such as declines in crop yield and quality due to soil sickness (Huang et al. 2013) , failures of forest regeneration (Souto et al. 2000) and the invasion of exotic plant species (Bais et al. 2003) . In addition, allelochemicals can be utilized as herbicides for weed control (Jabran et al. 2015) .
The plant root is the first organ that senses the soil environment, and its architectural plasticity is known as the major 'tool kit' used by plants to face and adapt to oscillating environmental conditions. Recent studies reported that allelochemicals inhibited root growth and development. For example, 2(3H)-benzoxazolinone (BOA) inhibits the root growth of lettuce (Lactuca sativa) by retarding cell mitotic processes of the root meristem (Sánchez-Moreiras et al. 2008) . The plant root system is crucial for plant survival and performs a wide range of functions (i.e. mechanical support, water and nutrient acquisition, and interactions with soil microbiota) and thus directly impacts plant yield (Rogers and Benfey 2015 , Zhang et al. 2017 , Zhang et al. 2018 . Although a root growth defect may be the earliest and potentially decisive phytotoxic symptom in response to allelochemical stress, relatively little is known of the primary mechanism underlying allelochemical stress-mediated root growth defects.
Auxin plays a fundamental role in root system growth and development by regulating cell division, differentiation and elongation. Auxin synthesis in plants can be divided into two pathways, i.e. tryptophan-dependent and tryptophan-independent pathways. Tryptophan-dependent auxin synthesis has been demonstrated to be the main auxin biosynthesis pathway. The tryptophan-dependent auxin biosynthesis pathway contains four biosynthesis routes, and indole-3-pyruvic acid (IPA) is the most important one (Zhao 2010) . In the IPA pathway, TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA1) catalyzes the conversion of tryptophan to IPA (Stepanova et al. 2008 , Won et al. 2011 , and flavin-containing monooxygenase (YUCCA) further converts the IPA to IAA (Zhao et al. 2001 , Won et al. 2011 . In root tips, the maintenance of a maximal auxin concentration in the quiescent center (QC) and a steep auxin gradient in the proximal meristem by polar auxin transport (PAT) is required for normal root growth (Grieneisen et al. 2007) . PAT is mediated by auxin influx carriers, AUXIN1/LIKE AUXIN1 (AUX1/LAX) and auxin efflux proteins, PIN-FORMED (PIN) (Blilou et al. 2005 ). In addition, PAT is involved in plant responses to environmental stresses (Sun et al. 2010 , Xu et al. 2012 , Camacho-Cristóbal et al. 2015 , Li et al. 2015 , Yuan and Huang 2016 . Of the auxin transporters, PIN1 mediates auxin acropetal transport in the root stele. AUX1 and PIN2 are required for the basipetal flow of auxin through outer root cell layers, and mediate root system architecture (RSA) plasticity when adapting to various environmental stimuli (Sun et al. 2010 , Xu et al. 2012 , Li et al. 2015 . Aluminum (Al), for instance, inhibits primary root elongation by altering auxin distribution via disturbing AUX1/PIN2-mediated auxin transport (Sun et al. 2010 ). AUX1 and PIN2 also participate in inhibition of primary root elongation under alkaline stress (Xu et al. 2012 , Li et al. 2015 .
Reactive oxygen species (ROS) have been identified as important secondary messengers required for the facilitation of diverse important basic biological processes, including the establishment of RSA (Orman-Ligeza et al. 2016) . However, ROS cause oxidative damage when in excess following exposure to unsafe environmental conditions. For example, when plants are subjected to heavy metals, oxygen radicals are generated in plant cells, resulting in DNA damage, lipid peroxidation and protein modifications (Drazkiewicz et al. 2004) . Mounting evidence reveals the presence of cross-talk between ROS and auxin signaling in modulating RSA under unfavorable conditions. For instance, it is reported that the nitrification inhibitor methyl 3-(4-hydroxyphenyl) (MHPP) promotes ROS accumulation, resulting in primary root elongation inhibition by modulating auxin transport and perception ). Additionally, AUX1-mediated auxin transport and distribution protect plant cells from As (III)-induced oxidative damage (Krishnamurthy and Rathinasabapathi 2013) . Therefore, auxin signaling modulation might serve as an adaptive mechanism by which plants respond to oxidative stress.
Similarly to ROS, ethylene is often associated with auxin signaling in the plastic adaptation of roots to external stimuli, e.g. boron deficiency and alkaline toxicity (Sun et al. 2010 , Camacho-Cristóbal et al. 2015 . In higher plants, ethylene is generated from methionine through S-adenosyl-L-metionine and 1-aminocyclopropane-1-carboxylic acid (ACC) catalyzed by 1-aminocyclopane-1-carboxylic acid synthase (ACS) and 1-aminocyclopropane-1-carboxylic acid oxidase (ACO), respectively (Kende 1993) . In Arabidopsis, the ethylene signaling pathway is activated when ethylene binds to its receptors, including ETHYLENE RESPONSE 1 (ETR1) and ETR2, ETHYLENE RESPONSE SENSOR 1 (ERS1) and ERS2, and ETHYLENE INSENSITIVE 4 (EIN4) (Wilson et al. 2014) . Mutants in ethylene receptors ameliorate plant tolerance under stress. There is substantial evidence that ethylene and auxin signaling pathways interact at multiple levels in regulating root growth. For example, ethylene stimulates auxin biosynthesis and basipetal transport, which negatively affects root elongation (Stepanova et al. 2005 , Růzicka et al. 2007 , Stepanova et al. 2007 , Swarup et al. 2007 ). Conversely, auxin induces ethylene production by stimulating ACS expression (Tsuchisaka and Theologis 2004) .
To reveal the underlying mechanisms behind the allelopathy-mediated root growth defect, a typical allelochemical, benzoic acid (BA), was adopted. BA (C6H5COOH) is an aromatic carboxylic acid having a carboxyl group bound to a phenyl ring. It has been identified in the root exudates of various plants (i.e. rice, soybean, watermelon, cucumber, tobacco, peach and quackgrass) and exhibits allelopathic toxicity on root growth when it accumulates to a high concentration (Baziramakenga et al. 1994 , Yu et al. 2003 , Inderjit and Bhowmik, 2004 , Zhu et al. 2017 . For example, significant reductions in plant biomass and root growth of soybean were observed after 200 mM BA treatment (Baziramakenga et al. 1995) . In addition, BA and its derivatives are important mediators of a plant's response to biotic and abiotic stress. For instance, the BA derivative salicylic acid (SA) is an important signaling molecule that mediates plant defense against various pathogens (Pieterse et al. 2012) . Here, we report that higher concentrations of BA inhibited primary root elongation of Arabidopsis through reducing the lengths of the meristem and elongation zones, and the number of meristem cells. Further physiological, pharmacological and genetic data showed that BA inhibited root elongation by increasing auxin accumulation via stimulation of auxin biosynthesis and AUX1/ PIN2-mediated PAT via stimulation of ethylene production. Moreover, the involvement of the BA-induced ROS burst in BA-mediated root growth inhibition was independent of auxin and ethylene signals. To the best of our knowledge, this study is the first to provide experimental evidence that auxin and ethylene signaling, and their mutual interactions, are involved in allelopathy-mediated root growth inhibition.
Results

BA inhibits primary root elongation by affecting the meristem and elongation zones
To explore the effects of BA on plant root phenotypes, a diverse set of plant species was grown under hydroponic growth conditions with various concentrations of BA. In accordance with previous studies (Baziramakenga et al. 1994 (Baziramakenga et al. , 1995 , BA at 50-300 mM was used in our study. As shown in Supplementary Fig.  S1 , BA inhibited root system growth of the tested monocotyledonous (Oryza sativa and Zea mays) and dicotyledonous (Medicago sativa and Arachis hypogaea) plants. We found that the allelochemical effects of the different concentrations BA applied varied in different plant species. For instance, a BA concentration of 50 mM had slight effects on the plant root growth of O. sativa, Z. mays and M. sativa, but a visible negative effect on A. hypogaea ( Supplementary Fig. S1 ).
To study the mechanisms underlying BA-mediated inhibition of primary root growth, the model plant Arabidopsis thaliana was used. Five-day-old seedlings were exposed to 0, 50, 100, 150, 200 and 300 mM BA for 12 h and seedlings were then transferred to fresh half-strength Murashige and Skoog (1/2 MS) medium for continuous growth for 2 d, and the newly grown primary root lengths were measured. Our results showed that BA inhibited primary root elongation and that repression was positively associated with BA concentrations (Fig. 1A) . Primary root elongation was inhibited by 26.22% following exposure to 50 mM BA and by up to 50.00% and 62.50% following exposure to 100 and 150 mM BA, respectively. When treated with 200 and 300 mM BA, inhibition levels rose rapidly to 72.56% and 81.10%, respectively (Fig. 1B) . Likewise, primary root growth inhibition of Arabidopsis with BA exposure was observed under hydroponic conditions ( Supplementary  Fig. S2 ). To examine the details of the root growth inhibition, the lengths of both the root meristem and elongation zones were measured. Compared with untreated roots, the lengths of the meristem and elongation zones were dramatically reduced with BA treatment (Fig. 1C-E) . BA stress also reduced the root meristematic cell number (Fig. 1F) . Taken together, BAmediated inhibition of primary root elongation resulted from the reduction of the lengths of the meristem and elongation zones, and the number of meristematic cells.
The plant root is the main organ used to absorb nutrient elements from the environment. Inductively coupled plasma optical emission spectrometry (ICP-OES) analysis showed that BA markedly increased Cu and Zn contents, and decreased Ca and Fe contents in seedling roots ( Supplementary Fig. S3 ), suggesting that BA damaged the acquisition of elements by plants. None of the tested concentrations (0-300 mM) showed an inhibitory effect on germination trends by detection of radical emergence ( Supplementary Fig. S4 ). In contrast, a clear decline in leaf area was observed with increasing BA concentrations ( Supplementary Fig. S4 ). Additionally, BA exposure significantly influenced root gravitropism ( Supplementary Fig. S5 ).
Auxin is involved in the BA-mediated inhibition of primary root elongation Auxin plays an important role in shaping the RSA. The reduction in the root meristem zone of BA-treated seedlings raises the question of whether BA interferes with auxin spatiotemporal homeostasis. Accordingly, transgenic seedlings expressing the auxin-responsive marker DR5:GUS (b-glucuronidase) were used. Five-day-old seedlings were treated or not with 100 mM BA for 6 h or 150 mM BA for 6 and 12 h to detect the DR5:GUS expression. We found that DR5:GUS expression and activity increased markedly in the roots subjected to BA ( Fig. 2A, B) , suggesting that BA increased auxin accumulation in the plant roots. These results do not conflict with those of Simon et al. (2013) , who reported that BA did not induce DR5rev::GFP (green fluorescent protein) expression. Only 1 mM BA was used in their experiments, which is much lower than the concentrations used in our study, and the actual concentrations showed allelopathic potential in natural environments (Baziramakenga et al. 1995 ). This conclusion was further substantiated by direct measurement of IAA in seedling roots based on liquid chromatography (LC)-mass spectrometry. The IAA concentration in roots treated with 100 mM BA for 6 h reached 158.46 ± 9.7 ng g -1 FW, and those roots treated with 150 mM BA for 6 and 12 h reached 191.16 ± 9.34 and 276.59 ± 15.49 ng g -1 FW, respectively, whereas the IAA concentration in untreated roots at 6 h was 106.42 ± 14.32 ng g -1 FW (Fig. 2C) . Thus, increased auxin accumulation might be responsible for the BA-mediated inhibition of primary root elongation. To confirm this conclusion further, auxin biosynthetic inhibitors [L-kynurenine (L-Kyn) and 4-phenoxyphenylboronic acid (PPBo)], auxin biosynthetic mutants (yuc7-2 and yuc8-2) and an auxin overproduction mutant (yuc1D) were used. Five-day-old seedlings were treated or not with 150 mM BA and the primary root elongation was measured 2 d after the plants were transferred to new 1/2 MS medium. L-Kyn and PPBo are effective auxin synthetic inhibitors that target TAA1/TAR and YUCCA, respectively (He et al. 2011 , Kakei et al. 2015 . L-Kyn and PPBo alleviated BA-mediated inhibition of primary root elongation (Fig. 2G) . Similarly, when subjected to BA, the reductions of root elongations of yuc8-2 seedlings were less pronounced than those of the wild type (WT) (Fig. 2H) . A slight but non-significant difference is found in the elongation of the newly grown root between yuc7-2 and the WT following BA treatment (Fig. 2H ). In contrast, the root elongation of yuc1D seedlings was further reduced compared with the WT following exposure to 150 mM BA (Fig. 2H) .
Auxin accumulation and distribution were regulated by its biosynthesis and transport (Blilou et al. 2005 , Grieneisen et al. 2007 , Swarup et al. 2007 , Stepanova et al. 2008 , Tao et al. 2008 , Yamada et al. 2009 ). To determine whether auxin biosynthesis was involved in BA-induced auxin accumulation, the expression of genes in tryptophan biosynthesis, tryptophan-dependent IAA biosynthesis and auxin metabolism was examined. BA increased the transcript levels of all of the tested genes in tryptophan biosynthesis and tryptophan-dependent IAA biosynthesis ( Fig. 2D, E) . These results suggested that the stimulation of tryptophan-dependent IAA biosynthesis could be responsible for BA-induced auxin accumulation in root tips. Additionally, IAA amino synthase genes GH3.2 and GH3.3, and the IAA amino acid conjugate hydrolase gene IAA-LEUCINE Five-day-old seedlings were exposed to different concentrations of BA for 12 h. Data are given as the mean ± SE of three individual experiments, and different letters denote significant differences between treatments (P < 0.05, one-way ANOVA with Tukey's multiple comparison test).
RESISTANT LIKE2 (ILL2) were up-regulated under BA stress (Fig. 2F) .
To explore whether BA-induced auxin accumulation resulted from its transport, we examined the roles of major auxin polar carriers in BA-mediated primary root elongation inhibition with pin1-1, pin2-1 and aux1-7 mutants. Primary root elongation inhibition was less pronounced in aux1-7 and pin2-1 mutants, whereas pin1-1 seedlings showed similar root elongation lengths to the WT seedlings when subjected to BA (Fig. 3A) . This suggested that the normal operation of AUX1 and PIN2 was required for the inhibition of primary root elongation by BA. To obtain further insights into how BA affects AUX1 and PIN2, the expression of AUX1 and PIN2 in roots was analyzed using quantitative real-time PCR (qRT-PCR). AUX1 expression was enhanced by 158% in seedling roots treated with 100 mM BA for 6 h, and by 179% and 274%, respectively, in roots treated with 150 mM BA for 6 and 12 h relative to that in control roots (Fig. 3B) . Likewise, the transcript of PIN2 was increased by 131% in seedling roots treated with 100 mM BA for 6 h, and by 179% and 234%, respectively, for roots treated with 150 mM BA for 6 and 12 h with respect to that in control roots (Fig. 3B) . Subsequently, levels of AUX1 and PIN2 protein in the BA-treated roots were determined using transgenic lines ProAUX1:AUX1-YFP and ProPIN2:PIN2-GFP. Consistent with the AUX1 and PIN2 expression pattern, higher levels of AUX1-yellow fluorescent protein The relative activity of GUS in roots of 5-day-old seedlings treated with 100 mM BA for 6 h or 150 mM BA for 6 and 12 h. The activity of GUS in untreated roots is set to 1. (C) IAA content in roots of 5-day-old seedlings treated with 100 mM BA for 6 h or 150 mM BA for 6 and 12 h. (D-F) The relative expression of genes participating in tryptophan biosynthesis (D), tryptophan-dependent IAA synthesis (E) and IAA conjugation (F) in the roots of seedlings treated or not with 150 mM BA for 12 h. The expression of the indicated genes in untreated roots is set to 1. (G) The effects of L-Kyn and PPBo on primary root elongation in seedlings treated or not with 150 mM BA. Five-day-old seedlings were treated with 150 mM BA with or without 1.5 mM L-Kyn or 0.5 mM PPBo for 12 h and they were then transferred to fresh 1/2 MS medium for another 2 d. The root elongation was measured. (H) The effects of BA on primary root elongation in the Col-0, yuc1D, yuc7-2 and yuc8-2 seedlings. Col-0, ecotype Columbia. Five-day-old seedlings were treated or not with 150 mM BA for 12 h and they were then transferred to fresh 1/2 MS medium for another 2 d. Data are given as the mean ± SE of three individual experiments. Asterisks represent significant differences between treatments (*P < 0.05, **P < 0.01, Student's t-test) and different letters denote significant differences between treatments (P < 0.05, one-way ANOVA with Tukey's multiple comparison test).
(YFP) and PIN2-GFP were observed following BA exposure (Fig. 3C, D) . In contrast, no significant difference in expression and protein levels of PIN1 was found between BA-treated and untreated seedlings (Fig. 3B-D) . Taken together, our data suggested that BA-mediated inhibition of primary root elongation was due to the induction of auxin accumulation with the stimulation of auxin biosynthesis and AUX1/PIN2-mediated auxin transport. The effects of BA on the primary root elongation of Col-0, pin1-1, pin2-1 and aux1-7 seedlings. Five-day-old seedlings were treated or not with 100, 150 or 200 mM BA for 12 h, and the primary root elongation was measured after they were transferred to 1/2 MS medium for another 2 d. Col-0, ecotype Columbia. (B) The relative expression of AUX1, PIN1 and PIN2 in the roots of 5-day-old plants treated or not with 100 mM BA for 6 h or 150 mM BA for 6 and 12 h. The expression of the indicated genes in untreated roots is set to 1. (C) Fluorescence of AUX1-YFP, PIN1-GFP and PIN2-GFP in the roots of AUX1:AUX1-YFP, PIN1:PIN1-GFP and PIN2:PIN2-GFP seedlings treated or not with 100 mM BA for 6 h or 150 mM BA for 6 and 12 h. Scale bars = 50 mm. (D) The relative fluorescence intensity of AUX1-YFP, PIN1-GFP and PIN2-GFP in the roots of AUX1:AUX1-YFP, PIN1:PIN1-GFP and PIN2:PIN2-GFP seedlings treated or not with 100 mM BA for 6 h or 150 mM BA for 6 and 12 h. The fluorescence intensity of AUX1-YFP, PIN1-GFP and PIN2-GFP in untreated roots is set to 1. Data are given as the mean ± SE of three individual experiments. Asterisks represent significant differences between treatments (*P < 0.05, **P < 0.01, Student's t-test).
Increased ROS are not involved in the BA-induced auxin accumulation
It has been well documented that allelochemical exposure can induce ROS burst in plants (Bais et al. 2003 , Ye et al. 2006 . To test whether BA-induced primary root inhibition was caused by ROS accumulation, the ROS level was first detected via the fluorescent probe dichloro-dihydro-fluorescein diacetate (DCFH-DA) and 3,3'-diaminobenzidine (DAB) staining. The BA treatments produced a significant increase in ROS marker fluorescence intensity in the root meristem, elongation and mature zones, and the intensity reached the maximum value at 12 h after 150 mM BA exposure ( Fig. 4A, B; Supplementary Fig. S6A ). This indicated that BA induced the oxidative burst in roots. DAB histochemical staining analysis further reinforced this conclusion. A brownish insoluble polymer (oxidized DAB) was observed in roots and leaves at 12 h after BA treatment (Fig. 4D) . Interestingly, we observed that BA induced root hair elongation (Fig. 4D) . As NADPH oxidase serves as a crucial source of ROS, seven genes of NADPH oxidase, namely AtRBOHA, AtRBOHB, AtRBOHC, AtRBOHD, AtRBOHE, AtRBOHF and AtRBOHJ, were examined in roots using qRT-PCR. Expression of AtRBOHA, AtRBOHC, AtRBOHD and AtRBOHF in roots was rapidly up-regulated in response to BA after 12 h exposure ( Supplementary Fig. S6B ). Subsequently, the effects of the NADPH oxidase inhibitor diphenyleneiodonium (DPI) and the The relative level of GUS activity in roots of 5-day-old seedlings treated with 150 mM BA alone or in combination with 100 mM DPI for 12 h. The activity of GUS in untreated roots is set to 1. Data are given as the mean ± SE of three individual experiments. Asterisks represent significant differences between treatments (*P < 0.05, **P < 0.01, Student's t-test), and different letters denote significant differences between treatments (P < 0.05, one-way ANOVA with Tukey's multiple comparison test).
ROS scavenger potassium iodide (KI) on ROS accumulation and primary root growth were examined. The BA-exposed seedlings were treated or not with KI and DPI for 12 h, and the newly grown roots were measured 2 d after the plants were transferred to new 1/2 MS medium. Our results showed that DPI and KI completely abolished BA-induced ROS burst and partially counteracted BAmediated primary root growth inhibition (Fig. 4A-D) . Furthermore, the effects of BA on seedling growth were examined in combination with exogenous hydrogen peroxide (H 2 O 2 ). The combined treatment showed further inhibitory effects on primary root growth compared with BA treatment alone (Fig. 4C) . In the absence of BA, primary root elongation and root fresh weight were slightly affected by DPI and KI (Fig. 4C, E) .
Next, we asked whether elevated ROS are involved in BAinduced auxin accumulation. No visible differences in auxin distributions and GUS activities were found in DPI-and BAco-treated seedling roots relative to those subjected to BA treatment alone (Fig. 4F, G) . Taken together, these results indicated that the induced ROS were involved in the BA-mediated inhibition of primary root elongation, but they did not contribute to BA-induced auxin accumulation in roots.
Ethylene is involved in the BA-mediated inhibition of primary root elongation Ethylene, an important stress-responsive plant hormone, is often closely associated with auxin in the inhibition of root growth under stressful conditions (Sun et al. 2010 , Li et al. 2013 , Camacho-Cristóbal et al. 2015 , Li et al. 2015 . To test whether ethylene signaling is involved in BA-mediated primary root growth inhibition, effects of BA on ethylene evolution from the root tips of Arabidopsis were investigated. For this purpose, the ethylene biosynthesis reporter ACS7:GUS was first used to reflect levels of ethylene. ACS7:GUS expression and activity were significantly increased in roots upon BA treatment (Fig. 5A, B) . Next, ethylene production was directly detected using gas chromatography (GC), and an increase in ethylene production in BA-treated roots was found to be more pronounced than that observed in the absence of BA (Fig. 5C) . Finally, we analyzed the expression of seven genes (ACO1, ACO2, ACS2, ACS5, ACS6, ACS7 and ACS8) involved in ethylene biosynthesis and the expression of two genes (ETR1 and EIN2) involved in ethylene response. As expected, BA stress dramatically induced the expression of ACO1, ACO2, ACS2, ACS5, ACS6 and ACS7 (Fig. 5D) . In addition, the tested genes in ethylene signaling were significantly up-regulated (especially ETR1) during BA exposure (Fig. 5E) . These results indicated that BA stimulated ethylene production by up-regulating ethylene biosynthesis-related genes.
Ethylene is often implicated in the inhibition of root growth by affecting cell division and elongation. The above data showed that BA substantially enhanced ethylene production and ethylene perception, and we thus explored whether ethylene signaling participated in BA-mediated root inhibition. Consistent with previous literature (Li et al. 2015) , ACC The relative level of GUS activity (B) and ethylene evolution (C) in roots of 5-day-old seedlings treated with 100 mM BA for 12 h or 150 mM BA for 6 and 12 h. The activity of GUS in untreated roots is set to 1. (D, E) The relative expression of genes participating in ethylene biosynthesis (D) and ethylene response (E) in the roots of seedlings treated or not with 150 mM BA for 6 and 12 h. The expression of the indicated genes in untreated roots is set to 1. Data present the mean ± SE of three individual experiments. Asterisks represent significant differences between treatments (*P < 0.05, **P < 0.01, ***P < 0.001, Student's t-test).
treatment remarkably inhibited primary root elongation of Arabidopsis seedlings (Fig. 6A) . Subsequently, we found that both an ethylene biosynthesis inhibitor (Co 2+ ) and a perception antagonist [1-methylcyclopropene (1-MCP)] alleviated the BA-mediated inhibition of root elongation (Fig. 6A) , suggesting the involvement of ethylene signal in BA-mediated root inhibition. We further used ethylene signaling mutants etr1-3 and ein3eil1, as well as a transgenic line overexpressing EIN3, EIN3ox, The relative level of GUS activity in roots of 5-day-old seedlings treated with 150 mM BA alone or with ACC, 1-MCP or CoCl 2 for 12 h. The activity of GUS in untreated roots is set to 1. (E) The relative expression of genes in the IAA synthesis pathway in the roots of seedlings treated with 150 mM BA alone or with 0.25 ml l -1 1-MCP for 12 h. The expression of the indicated genes in untreated roots is set to 1. Data are given as the mean ± SE of three individual experiments. Different letters denote significant differences between treatments (P < 0.05, one-way ANOVA with Tukey's multiple comparison test).
which are widely used in deciphering the physiological roles of ethylene (Zhu et al. 2011 , Li et al. 2013 . As expected, etr1-3 and ein3eil1 seedlings showed less pronounced levels of inhibition in terms of primary root elongation compared with the WT under BA stress (Fig. 6B) . In comparison, when exposed to BA stress, EIN3ox seedlings were more sensitive to BA stress than the WT (Fig. 6B) . It is noteworthy that EIN3ox seedlings showed lower primary root elongation compared with the WT in the absence of BA (Fig. 6B) . Taken together, these results suggested that ethylene signaling was involved in the BA stress-mediated inhibition of primary root elongation.
Ethylene is involved in the BA-mediated auxin accumulation
The above results indicated that auxin and ethylene signals participated in inhibition of BA-mediated primary root elongation. This raised new questions concerning the interactions between auxin and ethylene signals in BA-mediated root growth inhibition. Previous studies had demonstrated that ethylene could increase the auxin concentration in root meristem and elongation zones, thereby reducing the lengths of the meristem and elongation zones (Stepanova et al. 2005 , Růzicka et al. 2007 , Stepanova et al. 2007 , Swarup et al. 2007 , Li et al. 2015 . Thus, we examined whether the involvement of ethylene in BA-mediated root elongation inhibition occurred through the modulation of auxin accumulation in the root tips. Our results showed that ACC significantly increased DR5:GUS intensity (Fig. 6C, D) , which is consistent with the finding that ACC inhibited primary root elongation (Fig. 6A) . DR5:GUS expression and activity markedly declined in roots subjected to BA in the presence of Co 2+ /1-MCP compared with those in roots treated with BA alone (Fig. 6C, D) .
Next, we examined whether ethylene-mediated auxin accumulation results from changes of auxin biosynthesis and transport during BA stress. Tryptophan-dependent IAA biosynthesis genes were used to determine the effects of ethylene on the auxin biosynthesis pattern during BA exposure. The addition of 1-MCP reduced the expression of BA-induced auxin biosynthesis-related genes (Fig. 6E) . In addition, blocking ethylene signaling with Co 2+ /1-MCP addition or the ethylene signaling mutants etr1-3 and ein3eil1 remarkably inhibited BA-induced AUX1 and PIN2 expression in the roots (Fig. 7A, E) . In contrast, when subjected to BA stress, the expression of AUX1 and PIN2 in EIN3ox seedling roots was further up-regulated relative to that of the WT (Fig. 7E) . In line with their expression patterns, the intensity of AUX1-YFP and PIN2-GFP in roots of BA combined with Co 2+ or 1-MCP was significantly reduced compared with that of the BA-treated roots (Fig. 7B, D) . In the absence of BA, blocking ethylene signaling with the addition of Co 2+ or 1-MCP had a slight effect on the expression of AUX1 and PIN2 genes and the level of AUX1-YFP and PIN2-GFP proteins (Fig. 7A-D) . In contrast, the etr1-3 mutant showed a lower level of expression in AUX1, compared with the WT without BA treatment (Fig. 7E) . Collectively, these results indicated that ethylene signaling was involved in BA-mediated primary root elongation inhibition by stimulating the expression of auxin biosynthesis-related genes and auxin transporter genes AUX1/ PIN2.
Discussion
Allelopathy is a commonly occurring biological process in both managed and natural ecosystems that greatly affects plant biodiversity and ecosystem productivity (Weir et al. 2004 , Huang et al. 2013 . Plants release allelochemicals into the rhizosphere to the detriment of susceptible plant neighbors. As the plant root is the first organ to come into contact with soil allelochemicals, a root growth defect may be the primary and potentially decisive phytotoxic response to allelochemical stress. Nevertheless, the ways in which allelochemical stress negatively affects root growth are poorly understood. For this purpose, a model allelochemical, BA, was used in this study. Our hydroponic experiment showed that BA inhibited plant root growth in both monocotyledonous (O. sativa and Z. mays) and dicotyledonous (M. sativa and A. hypogaea) plants, indicating that BA-mediated RSA responses might be conserved across higher plants and thus the root toxicity might be dependent on a general mechanism. Additionally, the sensitivity of the target plant to the presence of BA was found to vary across plant species and applied concentrations, which is the cornerstone of allelopathy driving species selectivity (Inderjit and Duke 2003) .
When tested on the model plant A. thaliana, a shorter primary root phenotype was observed. Modulation of the RSA could limit excess BA absorption and minimize impacts of BA stress on plant fitness. The inhibition of primary root elongation was due to the reductions in the lengths of the meristem and elongation zones, and the number of meristematic cells, which is also observed for other allelochemicals, such as BOA (Sánchez-Moreiras et al. 2008) , cyanamide (Soltys et al. 2012) and monoterpenoids (Abrahim et al. 2003) .
Auxin plays a critical role in modulating the root meristem zone. For example, alkaline stress stimulates auxin accumulation in root tips and negatively affects cell division in the meristem zone, and thus reduces the number of root meristematic cells present (Li et al. 2015) . The exogenous application of the auxin analog 2,4-dichlorophenoxyacetic acid reduces the size of the root meristem (Růžička et al. 2009 ). Furthermore, recent studies indicated that the imbalances of plant hormones, especially auxin, were one of the events leading to allelochemical toxicity (Soltys et al. 2012 , Cheng et al. 2016a , Cheng et al. 2016b , Steenackers et al. 2016 , Steenackers et al. 2017 . Thus, reduced primary root elongation under BA stress may be caused by the perturbation of auxin homeostasis. Our experiments showed that BA-mediated root elongation inhibition occurred as a result of increased levels of auxin accumulation in the roots of Arabidopsis seedlings. This conclusion was supported by the fact that auxin biosynthetic inhibitors and auxin biosynthetic mutants compromised BA-mediated inhibition of primary root elongation. LC-mass spectrometry and DR5:GUS staining results revealed that IAA concentrations in the root tips were elevated upon BA exposure. It is worth noting that the Fig. 7 Effects of the blocking of ethylene signaling on BA-induced AUX1 and PIN2 expression. (A) The relative expression of AUX1 and PIN2 in the roots of 5-day-old seedlings treated with 150 mM BA alone or in combination with 10 mM CoCl 2 or 0.25 ml l -1 1-MCP for 12 h. The expression of the indicated genes in untreated roots is set to 1. (B, D) Fluorescence of AUX1-YFP (B) and PIN2-GFP (D) in the roots of AUX1:AUX1-YFP and PIN2:PIN2-GFP seedlings treated with 150 mM BA alone or in combination with 10 mM CoCl 2 or 0.25 ml l -1 1-MCP for 12 h. Scale bars = 50 mm. (C) The relative fluorescence intensity of AUX1-YFP and PIN2-GFP in the roots of AUX1:AUX1-YFP and PIN2:PIN2-GFP seedlings treated with 150 mM BA alone or in combination with 10 mM CoCl 2 or 0.25 ml l -1 1-MCP for 12 h. The fluorescence intensity of AUX1-YFP and PIN2-GFP in untreated roots is set to 1. (E) The relative expression of AUX1 and PIN2 in the roots of Col-0, etr1-3, ein3eil1 and EIN3ox seedlings. The expression of the indicated genes in untreated wild-type roots is set to 1. Col-0, ecotype Columbia. Data are given as the mean ± SE of three individual experiments. Different letters represent significant differences between treatments (P < 0.05, one-way ANOVA with Tukey's multiple comparison test).
possibility that the expression of DR5:GUS was partially stimulated by BA could not be excluded, as previous studies had found that BA exhibits a weak auxin-like activity (Simon et al. 2013) . Furthermore, we found that auxin accumulation was due to the increase of auxin biosynthesis and transport under BA stress. Auxin biosynthesis was found to be involved in BAinduced auxin accumulation, as transcripts of genes in the tryptophan biosynthesis pathway and the tryptophan-dependent IAA biosynthesis pathway were up-regulated during BA stress. A similar result was observed for DADS, which increases the expression of auxin biosynthesis FZY genes (YUC genes) in tomato (Solanum lycopersicum) roots (Cheng et al. 2016b ). Additionally, IAA amino acid synthetase and IAA amino acid conjugate hydrolase were induced by BA, showing the activation of a mechanism to maintain auxin homeostasis (Staswick et al. 2005) . Some members of the IAA amino acid synthetase GH3 family, e.g. GH3.5 and GH3.8, have been reported to conjugate IAA (Zhang et al. 2007 , Ding et al. 2008 and to respond rapidly to exogenous auxin (Staswick et al. 2005) , indirectly implying an increase in auxin concentration under BA stress.
BA stress increased the transcripts and protein levels of AUX1 and PIN2, and the root elongation in seedlings of aux1-7 and pin2-1 mutants, but pin1-1 was less sensitive to BA stress, indicating that AUX1 and PIN2 participated in BA-induced auxin accumulation for root elongation inhibition. AUX1 and PIN2 are widely known to play an important role in root growth inhibition in response to other sources of stress (Sun et al. 2010 , Xu et al. 2012 , Li et al. 2015 , suggesting that AUX1 and PIN2 seem to serve as general stress targets underpinning phenotypical acclimation to stress. This indirectly suggested that responses of RSA to external stresses are conserved at the genetic level. An early study reported that primary root inhibition mediated by the allelochemical coumarin entails the normal functioning of LAX3 rather than of AUX1 and PIN2 (Lupini et al. 2014 ). This discrepancy may be attributable to the structural diversity of allelochemicals, and further emphasizes the importance of studies on targets of allelochemicals. We thus could not rule out the possible involvement of other auxin transporters. Together, these results suggested that BA limited primary root elongation by increasing auxin accumulation in root tips via enhancement of auxin biosynthesis and AUX1/PIN2-mediated PAT.
Oxidative damage is widely considered to be critical to allelopathic toxicity (Bais et al. 2003 , Ye et al. 2006 , Rudrappa et al. 2007 , Golisz et al. 2008 , which has been extensively studied during periods of allelopathy. For instance, (-)-catechin released through the root exudates of the invasive weed Centaurea maculosa (spotted knapweed) generates a burst of ROS in root tips of Arabidopsis, resulting in root system death (Bais et al. 2003) . Gallic acid triggering of an elevated level of ROS in the roots of exposed plants leads to microtubule disruption and root architecture collapse (Rudrappa et al. 2007) . Similarly, our results showed that BA substantially increased levels of ROS in the meristematic, elongation and mature regions of the roots, suggesting that cells in these zones might serve as preferential sites for BA sensing. The ROS level rose in the first 12 h and then decreased with the increase of BA exposure time. This may be attributed to an adaptive strategy used by plants to reduce excess ROS by activating the antioxidant system. Previous studies had reported the capacity for allelochemicals to increase levels of antioxidant enzyme activity in plants (Ye et al. 2006) . We also provided compelling evidence for the involvement of ROS in BAmediated inhibition of root elongation, which is observed under other conditions of abiotic stress (Krishnamurthy and Rathinasabapathi 2013 , Camacho-Cristóbal et al. 2015 . ROS are often associated with auxin signaling in modulating RSA. For instance, treatment with the ROS generator paraquat or alloxan promotes auxin-driven lateral root formation (Pasternak et al. 2005) . However, whether ROS are involved in plant responses to BA-mediated root growth inhibition by affecting auxin homeostasis has not been examined. In this study, the increased ROS did not contribute to auxinmediated primary root elongation under BA stress, as the addition of DPI stopped BA-induced ROS production, but did not affect auxin distribution and accumulation in root tips. These results suggested that ROS inhibited root elongation through an auxin-independent pathway under BA stress. This conclusion complemented the data showing that the addition of DPI or KI stopped BA-induced ROS production, but only partially rescued the BA-mediated root elongation inhibition. Similar results had been reported in reference to other forms of external stress such as excess Cu (Yuan et al. 2013) . Increased H 2 O 2 has been found to participate in the Cu-mediated inhibition of primary root elongation without affecting auxin distribution (Yuan et al. 2013) . Tsukagoshi et al. (2010) reported that ROS control the transition from cell proliferation to differentiation in roots via an auxin-independent mode. Additionally, auxin might not be involved in BA-mediated ROS production, as similar ROS levels were observed in the roots of the WT and aux1-7 mutant during BA exposure ( Supplementary Fig.  S6C, D) .
In addition to ROS, ethylene affects root architecture adaptations to external stimuli (Sun et al. 2010 , Li et al. 2013 , Camacho-Cristóbal et al. 2015 , Li et al. 2015 . Alkalinity and excess Al elicited rapid evolution of ethylene, resulting in the marked inhibition of root elongation (Sun et al. 2010 , Li et al. 2015 . However, whether ethylene signaling is involved in plant response to BA stress has not been studied. Based on physiological, pharmacological and genetic data, we found that ethylene served as a BA-induced signal that negatively regulated primary root elongation in Arabidopsis. ACS7:GUS staining, GC analysis and qRT-PCR data showed that BA exposure facilitated ethylene evolution by stimulating ethylene biosynthesis-related gene expression. Similarly, a recent transcriptomic study showed that DADS treatment boosts the expression of genes in ethylene biosynthesis, perception and signaling in tomato roots (Cheng et al. 2016b) . When subjected to BA stress, blocking ethylene signaling with Co 2+ /1-MCP or ethylene signaling mutant lines etr1-3 and ein3eil1 could not restore root elongation to untreated controls. This might have been due to the incomplete inactivation of the ethylene signaling pathway in our experimental system and/or the involvement of ROS or factors other than ethylene in BA-mediated primary root elongation inhibition. Ethylene often acts synergistically with auxin in modifying root architecture. This raises a new question regarding the connection between ethylene and auxin signals in root elongation inhibition under BA stress. Soltys et al. (2012) found that the inhibition of tomato root growth by the allelochemical cyanamide occurs due to an imbalance of ethylene and auxin. Our experiments showed that ethylene was involved in BA-mediated inhibition of root elongation by boosting auxin accumulation by stimulating the expression of auxin biosynthesis-related genes and AUX1 and PIN2. This increase in auxin levels and up-regulation in auxin biosynthesis-related gene expression by BA declined substantially in the roots of Co 2+ /1-MCP-treated seedlings. Further support for these data could be seen in the findings that the addition of Co 2+ /1-MCP markedly decreased AUX1 and PIN2 expression and AUX1-YFP and PIN2-GFP protein levels in the root tips of seedlings relative to those in roots exposed to BA alone. Synergistic actions of ethylene and auxin signals were also observed under various other forms of environmental stress (Sun et al. 2010 , Li et al. 2013 , Camacho-Cristóbal et al. 2015 , Li et al. 2015 , Rowe et al. 2016 . The same plant hormones mediated plant responses to multiple external clues, reflecting the versatility of plant hormone pathways and possible activation of a core of conserved response elements. This might be indicative of an evolved strategy used by plants for resource conservation (Scheres and van der Putten 2017) . In contrast, auxin might not be involved in BA-induced ethylene evolution, as BA induced similar levels of ethylene evolution in the roots of WT and aux1-7 seedlings (Supplementary Fig.  S6E ). Likewise, ROS probably did not participate in BAinduced ethylene production, as the addition of DPI did not produce any visible effect on ACS7:GUS activity ( Supplementary Fig. S7A, B) .
Taken together, our results showed that auxin accumulation induced by ethylene signaling through stimulation of the expression of auxin biosynthetic genes and AUX1/PIN2 participated in BA stress-mediated inhibition of primary root elongation. In addition, the involvement of ROS in BAmediated inhibition of primary root elongation is independent of auxin and ethylene signals. The modulations of hormone homeostasis could help the RSA rapidly adapt to quantities of BA and minimize the BA toxicity. Nevertheless, due to the diverse structures and properties of allelochemicals (Huang et al. 2013) , and various types of allelochemicals co-existing in the natural environment Duke 2003, Huang et al. 2013) , as well as the presence of microbial activities (Souto et al. 2000) , the conclusions drawn from our study might not be extendable to any allelopathic interactions or circumstances. Moreover, we could not preclude the potential involvement of other pathways in BA-mediated root elongation inhibition. However, our study provides unique insight into how the root system responds and adapts to early allelopathy toxicity, facilitating the development of sustainable plant breeding and engineering strategies that boost tolerance to allelopathy toxicity in crops.
Materials and Methods
Plant materials, growth conditions and chemical treatments
To analyze the effects of BA on root phenotypes, a diverse set of plant species that included M. sativa, O. sativa, Z. mays and A. hypogaea was studied. The seeds of the WT, yuc1D, yuc7-2, yuc8-2, pin1-1, pin2-1 (eir1-1), aux1-7, etr1-3, ein3eil1, EIN3ox (Zhu et al. 2011) , DR5:GUS, ProACS7:GUS (Wang et al. 2005) , ProAUX1:AUX1-YFP (Swarup et al. 2005) , ProPIN1:PIN1-GFP and ProPIN2:PIN2-GFP were all in the A. thaliana ecotype Columbia (Col-0) background and have been described earlier. The mutant and transgenic lines were confirmed by PCR. Seeds were surface sterilized and cold treated at 4 C for 2 d in the dark before sowing on 1/2 MS medium (Murashige and Skoog 1962) (supplemented with 0.8% agar and 1% sucrose, pH 5.8). All plates were maintained vertically in a growth chamber at 23 C, 100 mmol m -2 s -1 of illumination under a 16 h light/8 h dark photoperiod in a random arrangement.
For the treatment with exogenous chemicals, sterile-filtered stock solutions of the indicated chemicals [L-Kyn, PPBo, DPI, KI, H 2 O 2 , cobalt chloride (CoCl 2 ) and ACC] were directly added to the 1/2 MS agar medium after autoclaved medium was cooled to below 50 C, and then the medium was poured into Petri dishes and used to treat the Arabidopsis seedlings. The preparation of and treatment with 1-MCP were according to Carbonell-Bejerano et al. (2011) . L-Kyn, PPBo, ACC, DPI and 1-MCP were purchased from Sigma-Aldrich. KI, H 2 O 2 and CoCl 2 were purchased from Aladdin.
Root length measurement
Five-day-old seedlings were transferred to 1/2 MS agar medium, containing BA with or without the indicated amounts of L-Kyn, PPBo, DPI, KI, H 2 O 2 , CoCl 2 , 1-MCP or ACC for 12 h, and they were then transferred to new 1/2 MS agar medium, and grown for an additional 2 d. The lengths of newly grown roots were measured. The roots were then mounted with clearing solution (8 g of chloral hydrate, 2 ml of water and 1 ml of glycerol) on glass slides, observed under differential interference contrast (DIC) optics and photographed with a charge-couple device (CCD) camera. Root meristem and elongation sizes were measured using Image J software. The root meristem zone is the distance between the QC and the transition zone (the position of the first elongating cortical cell). We used the length of cortical cells as the root meristem size (Dello Ioio et al. 2007 ). The number of cells in the root meristem zone was recorded.
GUS staining and GUS activity assays
Histochemical staining of GUS was carried out as previously described (Li et al. 2015) . Seedlings were incubated at 37 C in a staining solution {100 mM sodium phosphate buffer, pH 7.5, containing 10 mM EDTA, pH 8.0, 0.5 mM K 3 [Fe(CN) 6 ], 0.1% (v/v) Triton X-100 and 1 mM 5-bromo-chloro-3-indolyl-b-Dglucuronide}. After incubation, the seedlings were cleared and mounted with clearing solution on glass slides prior to examination under a DIC microscope, and were photographed with a CCD camera.
GUS activity was measured using the methods described by Gao et al. (2014) with some modifications. For each sample, 150 mg of root tissue was collected and homogenized in extraction buffer. After being centrifuged at 14,000Âg for 30 min at 4 C, the supernatant was transferred to a new pre-cooling tube for GUS activity determination. The fluorescence was measured in a 96-well plate in total volumes of 250 ml with 455 mM 4-methylumbelliferyl-b-D-glucuronide hydrate (Sigma-Aldrich). GUS activity was calibrated by a concentration series of 4-methylumbelliferone (Sigma-Aldrich). Protein content was determined with Bradford's reagent (Sangon Biotech Co., Ltd.).
Quantification of IAA content by LC-mass spectrometry
The IAA concentration was determined according to methods described previously (Ng et al. 2015) . In brief, 150 mg of root tips were collected, frozed in liquid nitrogen, extracted and purified for endogenous IAA determination. The purified samples were suspended in 100 ml of methanol/water (60:40, v/v) and filtered with a 0.22 mm filter. The IAA level was analyzed using an Agilent 6540 Accurate Mass LC-MS Q-TOF.
ROS assays
Leaves and roots were vacuum-infiltrated with DAB-HCl (0.1 mg ml -1 , pH 3.8) solution for 30 min, and seedlings were then transferred to 95% ethanol at 65 C. The seedlings were mounted with clearing solution on glass slides prior to examination under a DIC microscope, and were then photographed with a CCD camera. The ROS level in roots was also visualized using an H 2 O 2 -specific fluorescent probe, DCFH-DA (Beyotime). Seedlings were incubated in staining solution (10 mM) at 37 C for 10 min in the dark. The seedlings were then washed three times with distilled water to remove excess fluorescent probe and were observed under a Leica laser scanning confocal microscope (excitation, 488 nm; emission, 525 nm). Images were representative of at least 15 individual seedlings from each treatment. Experiments were replicated three times. Relative fluorescence intensity determination was carried out using Image J software.
Quantification of ethylene by GC
The ethylene level was detected according to the methods described previously (Li et al. 2013) . After the seedlings were exposed to 100 mM BA for 6 h or 150 mM BA for 6 and 12 h, the roots were excised and placed into 8 ml gas-tight vials containing 2 ml of agar medium (0.8% agar). A 2 ml aliquot of the headspace sample was withdrawn and analyzed using a gas chromatograph with an FID detector.
RNA extraction and qRT-PCR analysis
Root tips (100 mg) were collected and immediately frozen in liquid nitrogen, and total RNA was extracted with TRIzol Reagent (TAKARA). After digestion with RNase-free DNase I, first-strand cDNA synthesis was conducted using a Reverse Transcription System Kit (TAKARA). Quantitative PCR was performed on a 7500 Real Time System (Applied Biosystems) using a real-time quantification PCR Kit (SYBR Õ Green Premix Ex Taq TM , TAKARA). Actin2 and Actin11 were chosen as the reference genes. The experiment was performed with three independent biological replications and three technical replications. The specific primers are listed in Supplementary Table S1 . The relative abundance of transcripts was measured via the ÁCt method (Livak and Schmittgen 2001) .
Statistical analysis
All experiments conducted in this study were performed in three independent biological replications. All data were recorded as the means ± SE. The significance of differences was determined through one-way analysis of variance (ANOVA) via Tukey's multiple comparison method or through Student's ttest using SPSS software (version 18.0). Graphs and images were assembled using Adobe Photoshop 7.0.
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Supplementary data are available at PCP online.
